Abstract. Neuroblastoma (NB) is the most common type of extracranial solid tumor in children with a high prevalence in toddlers. For childhood cancer survivors, preservation of reproductive potential is an important factor for quality of life. The optimization of NB minimal residual disease (MRD) detection in testicular tissue is crucial to evaluate the risk of malignant cell reintroduction. The first step in the present study was to assess the accuracy of reverse transcription-quantitative polymerase chain reaction (RT-qPCR) to detect tyrosine hydroxylase (TH), paired-like homeobox 2b (PHOX2B) and doublecortin (DCX) mRNA expression in frozen/thawed testicular tissues of patients with non-obstructive azoospermia (NOA) contaminated (in vitro model) with an increasing number of IMR-32 and SK-N-SH NB cells. Testicular tissues were frozen by slow or snap freezing. The second step was to determine the expression levels of these markers in testicular samples from 4 pre-pubertal males (2 with stage IV NB and 2 with non-NB malignancy). The yield of extracted RNA was similar in testicular samples frozen by slow or snap freezing. In the in vitro model, TH and DCX transcripts were detected in uncontaminated testicular tissues, whereas PHOX2B mRNA was not detected. There was a strong positive association between the number of NB cells used for contamination and PHOX2B transcript levels. For IMR-32 and SK-N-SH NB cell lines, specificity and sensitivity rates of detection were 100% for PHOX2B following in vitro contamination with 10 tumor cells. In testicular samples from pre-pubertal males with and without NB, PHOX2B mRNA expression was not observed, but high expression levels of TH and DCX mRNA were detected, which were similar to expression detected in the in vitro model. Among the markers used in blood and bone marrow for NB MRD studies, the detection of PHOX2B transcripts by RT-qPCR may provide an accurate assessment of NB cells in testicular tissues from males who require fertility preservation.
Introduction
Neuroblastoma (NB) is the most common type of extracranial solid tumor in children, with a high prevalence in toddlers (1) . At diagnosis, a high proportion of patients have stage IV metastatic disease (2) . Intensive treatments for this type of cancer improved the long-term survival rate, including in children with high-risk NB (3) . However, since dividing cells are the target of chemo-and radiotherapy, these treatments act not only on cancer cells but also on germ cells. Therefore, they may affect reproductive function, exposing patients to a high risk of infertility (4) . Therefore, fertility preservation for boys with NB is currently recommended (5, 6) . For childhood cancer survivors, preservation of reproductive potential is an important issue for quality of life (7) .
When spermatogenesis is effective in pubertal males, sperm cryopreservation should be proposed (8) . In pre-pubertal males, since spermatogenesis has not yet started, the preferred strategy is cryopreservation of testicular tissue (9-11). To date, no restoration of human fertility has been reported by the RT-qPCR for PHOX2B mRNA is a highly specific and sensitive method to assess neuroblastoma minimal residual disease in testicular tissue 4 Assistance Médicale à la Procréation, CECOS, CHU Clermont-Ferrand, F-63000 Clermont-Ferrand; 5 Normandie Univ, UNIROUEN, EA 4308 'Gamètogenèse et Qualité du Gamète'; 6 Laboratoire de Biologie de la Reproduction-CECOS, Rouen University Hospital, F-76000 Rouen; 7 Unité de Biostatistiques, Délégation use of frozen/thawed testicular tissue. However, the animal data are promising, and births have been reported following spermatogonial stem cell transplantation or testicular tissue grafting in rodents or pigs (12) (13) (14) . Furthermore, in vitro culture of testicular stem cells has been studied in mice for its potential to generate post-meiotic male gametes (15, 16) . These preliminary results may offer the potential for fertility restoration in young males in the future. However, fertility restoration using cryopreserved testicular samples needs to be safe, without any risk of reintroducing cancer cells. As a number of cases of metastatic testicular NB have previously been reported (17) (18) (19) , the possible presence of malignant cells in cryopreserved testicular tissue involves a risk of recurrence of the primary disease following fertility restoration by germ cell transplantation. The detection of NB minimal residual disease (MRD) in blood and bone marrow of patients with metastatic NB was developed using reverse transcription-quantitative polymerase chain reaction (RT-qPCR) for tyrosine hydroxylase (TH), paired-like homeobox 2b (PHOX2B) and doublecortin (DCX) transcripts (20) (21) (22) . These transcripts represent useful and clinically significant biomarkers of MRD in the blood and bone marrow of metastatic NB cells. However, these biomarkers have not been assessed for NB MRD detection in testicular tissue. The optimization of NB MRD detection in testicular tissue is crucial to evaluate the risk of malignant cell reintroduction. This detection method needs to be applicable for testicular samples frozen by slow freezing and for testicular tissues immediately following surgical collection, which could subsequently be frozen by snap freezing until RNA extraction is performed. This would allow detection of MRD for previously cryopreserved testicular tissues and for future testicular sample collections.
Therefore, the first objective of the present study was to assess the accuracy of NB MRD detection. This was performed by quantification of TH, DCX and PHOX2B transcripts in human testicular tissues, cryopreserved by slow or snap freezing and contaminated in vitro with increasing number of tumor cells from two NB cell lines. Once accuracy was assessed in this in vitro model, the expression levels of these three biomarkers were evaluated in frozen testicular samples from pre-pubertal males with and without NB.
Materials and methods
Experimental design. The specificity and sensitivity of NB MRD detection were assessed by RT-qPCR quantification of TH, PHOX2B and DCX mRNA expression in thawed testicular tissues that were contaminated with IMR-32 and SK-N-SH human NB cell lines (CCL-127 and HTB-11; American Type Culture Collection, Manassas, VA, USA). Prior to these experiments, IMR-32 and SK-N-SH cells were investigated for positivity and stability of TH, PHOX2B and DCX mRNA expression in the subclones.
Subsequently, thawed testicular tissue from patients with non-obstructive azoospermia (NOA) were contaminated with 0 (negative control), 10, 100 and 1,000 IMR-32 and SK-N-SH tumor cells from human NB cell lines. The contamination procedure was performed at room temperature and took ~20 min. RNA extraction was performed immediately following contamination, without any additional incubation of the samples. Experiments involving contamination with 10 and 100 cells were performed in duplicate for each sample (Fig. 1) . Once contamination was achieved, RNA extraction and RT-qPCR were performed. Testicular tissues frozen either by snap or slow freezing methods were used to investigate whether the freezing method may interfere with RT-qPCR analysis.
Following assessment of MRD detection accuracy in the in vitro model, thawed testicular samples obtained from pre-pubertal males with stage IV NB and with non-NB malignancy (Ewing tumor) were analyzed in order to expand the method to include pre-pubertal testicular tissues.
Patients and samples. Testicular tissues were obtained from 20 males (mean age, 32.4 years; range, 25-38 years) with NOA between November 2014 and September 2015 at the University Hospital of Clermont-Ferrand (Clermont-Ferrand, France). The patients underwent testicular sperm extraction for intra-cytoplasmic sperm injection. Following sperm retrieval and freezing, the remaining testicular tissue sample would usually be destroyed, but in this instance it was used for the present study.
In addition, testicular tissues obtained from 2 pre-pubertal patients with stage IV NB in January 2012 (patient A, aged 3 years) and in April 2014 (patient B, aged 2 years) and 2 pre-pubertal patients with Ewing sarcoma in January 2016 (patients C and D, aged 6 years) were analyzed. Sample A was obtained at the University Hospital of Rouen (Rouen, France). Samples B, C and D were obtained at the University Hospital of Clermont-Ferrand (Clermont-Ferrand, France). Bilateral testis samples from patients A, B and C were evaluated. For patient D, only one sample of the right testis was available and evaluated. The median weight of the testicular samples for these 4 patients was 12 mg.
The present study was approved by the Committee for Personal Protection (DC 2008 558). Written informed consent was obtained from all patients prior to enrollment in the present study and for inclusion of the testicular samples in the GERMETHEQUE biobank (NFS 96900, www.chu-toulouse. fr/germetheque-centre-de-ressources-biologiques). In the case of two males with NB who succumbed to disease prior to the study, informed and written consent was obtained from their parents. The study was declared on the clinicaltrial.gov website (no. NCT02400970).
Freezing and thawing. For the testicular tissues obtained from adult patients with NOA, the samples were first cut into 6 thin fragments of equal size (~1 mm 3 ) following weighing. Subsequently, the testicular fragments (equally sized samples) were frozen by using the slow (n=10 patients) or snap (n=10 patients) freezing method. The testicular tissues obtained from pre-pubertal males had been previously frozen by slow freezing for the two males with NB and by snap freezing for the males with Ewing sarcoma.
The slow freezing method was performed as previously described and validated by Rives et al (10) . For the snap freezing method, testicular samples were put in cryogenic vials and immediately frozen by immersion in liquid nitrogen. For both freezing procedures, the samples were stored in cryogenic vials (CRYO BIO SYSTEM, L' Aigle, France). The same thawing procedure was used for testicular tissues frozen by slow or snap freezing. The cryogenic vials were thawed at 37˚C for 3 min and placed into three baths of Leibovitz's L-15 medium (Eurobio, Courtaboeuf, France) for 5 min for each step at room temperature.
Culture of IMR-32 and SK-N-SH subclones.
IMR-32 and SK-N-SH are well-established subclones of human cell NB. The IMR-32 cell line was maintained in Dulbecco's modified Eagle's medium (PAN-Biotech, Aidenbach, Germany), supplemented with 10% fetal calf serum (PAN-Biotech), 4 mmol/l L-glutamine, 10 UI/ml penicillin and 10 µg/ml streptomycin (PAN-Biotech) (23) . The SK-N-SH cell line was maintained in Iscove's modified Dulbecco's Medium (PAN-Biotech), supplemented with 10% fetal calf serum, 4 mmol/l L-glutamine, 10 UI/ml penicillin and 10 µg/ml streptomycin. Cell counting analysis was performed twice prior to each contamination using the Malassez cell counting chamber. Blue trypan staining (diluted 1/20 with phosphate buffered saline) for 10 min at room temperature was used to assess cell viability. For IMR-32 and SK-N-SH cell lines, the viability was always ≥85%. The cell counting analysis and cell viability test were performed with a light microscope by an experienced observer prior to each contamination test.
Detection of TH, DCX and PHOX2B mRNA expression by RT-qPCR. RNA was extracted using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), according to the manufacturer's instructions. RNA was treated with DNAse I (Roche Diagnostics, Meylan, France) to remove any contaminating DNA. A total of 1 µg RNA was reverse-transcribed using SuperScript II (Invitrogen; Thermo Fisher Scientific, Inc.). The target TH, DCX and PHOX2B gene transcripts and the reference β-2-microglobulin (β2M) housekeeping gene transcript were measured using the LightCycler 480 RT-PCR system (Roche Diagnostics), using previously reported primers and probes (24) . The sequences are provided in supplementary methods of the publication (24) . The cycling conditions were as follows: 10 min at 95˚C, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 1 min. Absolute quantification analysis with the LightCycler software was performed to determine transcripts numbers, as described previously (20) . Briefly, standard curves were generated using serial dilutions of plasmid containing a known number of molecules of each transcript and used to calculate the number of transcripts in the samples. The number of the reference β2M gene transcripts was used for the normalization of data. Normalized data were expressed as the copy numbers of target transcripts per 10 6 copies of β2M transcripts. The PCR reactions were performed in triplicate.
Statistical analysis. Statistical analysis was performed using Stata software (version 13; StataCorp LP, College Station, TX, US). The results for quantitative parameters were presented as the mean ± standard deviation, according to statistical distribution (assumption of normality assessed by Shapiro-Wilk's test). The investigation of associations between quantitative parameters was based on the estimation of correlation coefficients (Pearson's or Spearman's rho according to statistical distribution, noted r). Subsequently, in order to take into account differences between and within subject variability (due to several measurements for a given patient), random-effects for correlated measures were performed instead of the usual statistical tests, which would not be appropriate as the hypothesis of independence of data was not possible. The assumption of normality of residuals was studied using the Shapiro-Wilk test. When appropriate (data not exhibiting normal distributions), a logarithmic transformation was performed in order to achieve normality assumption and to ensure the correct use of previous analyses. Finally, receiver operating characteristic curve analysis was performed to evaluate sensitivity and specificity of RT-qPCR to detect the expression of TH, PHOX2B and DCX mRNAs in testicular tissue. All tests described in this section are two-sided, with a type I error set at α=0.05: P<0.05 was considered to indicate a statistically significant difference.
Results
Yield of RNA extraction from testicular tissue frozen using snap and slow freezing methods. The median weight of testicular samples from 20 men with NOA was 96 mg (33-210 mg). Each testicular sample was sectioned into six equal size samples with a median weight of 14 mg (6-46 mg). The median RNA yield from these samples was 15 µg (0.6-36.6 µg). The amount of RNA obtained per mg of tissue did not differ between the testicular samples frozen by snap (0.87 µg/mg) or slow freezing (0.80 µg/mg) methods (P>0.05).
Expression of TH, PHOX2B and DCX transcripts in IMR-32 and SK-N-SH cell lines. The expression levels of TH, PHOX2B
and DCX transcripts in IMR-32 and SK-N-SH cell lines were evaluated for each artificial tumor contamination experiment (Fig. 2) . Overall, the cell lines exhibited high levels of expression of the three markers, with the mean normalized values of 3.3x10 5 for TH, 1.9x10 7 for PHOX2B and 3.1x10 7 for DCX in IMR-32 cells and 3.0x10 5 for TH, 9.5x10 6 for PHOX2B and 3.6x10 7 for DCX in SK-N-SH cells. The levels of transcripts indicated minimal variations between different experiments, which were <1.3 fold. The average fold changes in transcript levels in IMR-32 and SK-N-SH cells were 1.26 and 1.22 for TH, 1.26 and 1.25 for PHOX2B and 1.28 and 1.27 for DCX, respectively. These data indicated the high reproducibility of the cell line models in terms of marker mRNA expression.
Detection of TH, PHOX2B and DCX transcripts in frozen testicular samples contaminated with IMR-32 and SK-N-SH NB cells.
In the present study, expression of TH transcripts was observed in negative control testicular samples (n=10). Expression of TH transcripts was detected in samples frozen by snap freezing (IMR-32, 537 copy number/10 6 β2M copy number; SK-N-SH, 475 copy number/10 6 β2M copy number) and by slow freezing (IMR-32, 363 copy number/10 6 β2M copy number; SK-N-SH, 490 copy number/10 6 β2M copy number; Fig. 3A) . Compared with the negative control (uncontaminated testicular samples), the level of TH mRNA was significantly higher in testicular samples contaminated with 100 and 1,000 NB cells from IMR-32 and SK-N-SH cell lines, respectively (P<0.001). There was no significant difference between the levels of TH mRNA detected in testicular samples contaminated with 10 NB cells and uncontaminated samples (IMR-32, P=0.18; SK-N-SH, P=0.24). For determination of TH expression, the specificity and sensitivity rates were 100% when 100 NB cells were used for contamination.
PHOX2B mRNA was not detected in the uncontaminated testicular samples (Fig. 3B) frozen either by the snap or slow freezing method (n=10). PHOX2B transcripts were detected at significantly different levels following contamination of testicular samples with 10, 100 and 1,000 NB cells (P<0.001 for IMR-32 and SK-N-SH). Furthermore, there was a strong linear correlation between the number of NB cells used for contamination (10, 100 and 1,000 NB cells) and the levels of PHOX2B mRNA (r=0.96 for IMR-32 and SK-N-SH). The specificity and sensitivity rates for PHOX2B mRNA detection were 100% following contamination by 10 NB IMR-32 or SK-N-SH cells.
High expression levels of DCX mRNA were detected in negative controls (n=10) frozen by snap freezing (IMR-32, 73,231 copy number/10 6 β2M copy number; SK-N-SH, 68,386 copy number/10 6 β2M copy number) and by slow freezing (IMR-32, 64,811 copy number/10 6 β2M copy number; SK-N-SH, 78,810 copy number/10 6 β2M copy number) methods (Fig. 3C) . Furthermore, there was no significant difference in DCX mRNA levels between the negative controls and samples contaminated with 10, 100 and 1,000 NB cells.
Analysis of TH, DCX and PHOX2B mRNA expression levels in testicular tissues of pre-pubertal males.
In the testicular samples obtained from two pre-pubertal NB stage IV males, the levels of TH mRNA were similar in the right (patient A, 431 copy number/10 6 β2M copy number; patient B, 469 copy number/10 6 β2M copy number) and left (patient A, 420 copy number/10 6 β2M; patient B, 371 copy number/10 6 β2M copy number) testis tissue samples. PHOX2B mRNA was undetectable in the testis samples of patient A and B. Similar high levels of DCX mRNA were observed in the right (patient A, 58,700 copy number/10 6 β2M; patient B: 48,297 copy number/10 6 β2M) and left (patient A: 51,280 copy number/10 6 β2M; patient B: 44,738 copy number/10 6 β2M) testis samples. In the samples obtained from two pre-pubertal males with no-NB malignancy (Ewing sarcoma; patients C and D), mRNA TH levels were similar in the right (patient C, 684 copy number/10 6 β2M; patient D, 500 copy number/10 6 β2M) and left (patient C, 736 copy number/10 6 β2M copy number) testis. PHOX2B mRNA was not detected in testis samples obtained from either male. High levels of DCX mRNA were observed in the right (patient C, 53,690 copy number/10 6 β2M; patient D, 59,380 copy number/10 6 β2M copy number) and left (patient C, 59,380 copy number/10 6 β2M copy number) testis samples. High expression levels of TH and DCX observed in the testicular tissues of the four pre-pubertal males were similar to the high expression levels detected in uncontaminated testicular samples (negative controls) in the in vitro model described previously in the results section.
Discussion
Given the increased survival rate of patients with NB and the cytotoxic effects of therapies used for treatment of this cancer (25) , fertility preservation is highly recommended for these children. Therefore, for a pre-pubertal male facing sterilizing chemotherapy, testicular biopsy may be performed as a preventive strategy. Freezing testicular tissue allows subsequent transplantation either by infusion of a testicular cell suspension into the seminiferous tubules (26) or intra-testicular grafting of tissue (27) . However, >60% of children with metastatic NB have circulating tumor cells at the time of diagnosis (28) . Although testis is not the most frequent NB invasion site, numerous cases of testicular NB metastasis have been described previously. Simon et al (19) reported testicular metastasis in 10/1,076 male patients with NB using the data of the Cooperative German Neuroblastoma trials. Kushner et al (29) demonstrated 11 positive cases in a series of 289 male NB autopsies. Nistal et al (30) also reported two cases of testicular metastases confirmed by histological examination in a total of 216 NB patients. Therefore, the possible presence of NB cells in testicular tissue collected from NB males should be taken into account to avoid reintroducing cancer cells when the thawed testicular sample is used to restore fertility. However, in all of the previous studies mentioned, only histological analyses were performed. As the sensitivity of MRD detection by histological analysis is lower compared with RT-qPCR, the actual frequency of NB infiltration in testis may be higher.
In the present study, sufficient amounts of RNA were extracted from small testicular samples to perform RT-qPCR in optimal conditions and to analyze the level of three transcripts associated with NB. The use of a small quantity of testicular tissue to detect NB MRD ensures that a sufficient amount of sample remains for fertility preservation in pre-pubertal males, in whom large surgical retrieval is not always possible due to age and small testis size. The present study did not observe any effect of the freezing method on the yield of RNA extracted. Therefore, the RT-qPCR method may be performed on testis samples that have already been cryopreserved using slow freezing and on samples, which are cryopreserved by snap freezing at the time of surgical retrieval for subsequent analysis. In the present study, an in vitro model of NB dissemination in human testicular tissue was established to evaluate the sensitivity and specificity for the detection of NB mRNAs. The SK-N-SH and IMR-32 tumor cell lines used for contaminations are well known and were established from human NB. SK-N-SH cells were established from the bone marrow metastasis from a 4 year-old Caucasian child (31) . IMR-32 cells were obtained from a metastatic site in an abdominal mass in a 13 month-old Caucasian male with NB. The tumor was diagnosed as NB with rare areas of organoid differentiation (32) . Therefore, SK-N-SH and IMR-32 human cell lines are highly representative of metastatic NB. In the present study, TH, DCX and PHOX2B mRNAs were expressed at high levels in SK-N-SH and IMR-32 cell lines. The testicular samples that were used to validate the in vitro contamination model were obtained from adult males with NOA, as it was unethical to perform these preclinical tests with healthy pre-pubertal testicular samples. Similar to pre-pubertal patients, testicular biopsies from patients with NOA contain low numbers or absence of mature germ cells.
In children with NB, metastatic tumor cells were previously detected in the bone marrow and peripheral blood by RT-qPCR for NB-specific target genes, including TH, DCX and PHOX2B (24, 33, 34) . To the best of our knowledge, this is the first study to quantify the expression level of these transcripts in human testicular tissues to detect MRD. TH encodes for the key enzyme involved in the synthesis of catecholamines, which serves a functional role in the testis. A previous study provided evidence that Leydig cells exhibited close similarity to cathecholaminergic nerve cells with high expression of TH (35) . This may be explained by a developmental arrest of Leydig cells at the immature state (36) . In addition, Leydig cells are characterized as non-dividing cells with characteristics of early stem cell-like progenitors with endocrine, neuronal and glial cell features (37) . Although TH is one of the most commonly used targets for MRD detection in peripheral blood and bone marrow of patients with NB (20, 21) , the use of this transcript as an MRD marker in testicular samples is hindered by its background expression detected in uncontaminated samples of patients with NOA and pre-pubertal males with and without NB. Therefore, it is hypothesized that the background expression of TH may be due to the presence of Leydig cells (35, 37) . Furthermore, 100% sensitivity and specificity rates of TH detection were only observed when 100 NB cells were used for contamination, which may suggest that the accuracy of this marker for NB MRD detection is insufficient for detection in human testicular samples.
Previously, the expression level of other transcripts, including DCX and PHOX2B, were demonstrated to be useful for NB MRD detection in bone marrow and peripheral blood from patients with metastasis (24) . DCX is involved in the signaling pathway that regulates microtubule in migrating neurons (38) . A previous study reported a high expression of a DCX homolog, DCD1, in human testis (39) . This may explain the lack of sensitivity and specificity that was observed for analysis of DCX expression in the in vitro model in the present study, and the high expression of DCX in pre-pubertal males with or without NB. PHOX2B encodes a transcription factor involved in the development of the autonomous nervous system (34, 40) . It was previously revealed that PHOX2B is a highly specific marker for sensitive MRD detection of NB in the bone marrow, peripheral blood and harvested hematopoietic stem cells (40) . To the best of our knowledge, the present study demonstrated for the first time a high sensitivity and specificity of RT-qPCR analysis for PHOX2B mRNA, enabling the detection of as few as 10 NB cells in a testis sample. The absence of background PHOX2B expression in uncontaminated testicular samples underlines the high specificity of this marker. Furthermore, PHOX2B expression was not detected in testicular samples of pre-pubertal males without NB in the present study. The present study demonstrated that NB MRD assessment in human testicular tissue by the detection of PHOX2B by RT-qPCR is highly accurate. It is unknown whether MRD marker genes of NB are up-or downregulated during treatment (23, 24) , so a panel of PCR targets may be required to overcome tumor heterogeneity (41) . Since TH and DCX transcripts are not sensitive and specific NB markers in testicular tissues, it will be necessary to continue the evaluation of other known NB-specific transcripts. Analysis of NB mRNA is able to detect the presence of malignant cells but cannot predict their vitality or invasive potential. Therefore, further studies are required to investigate the risk of tumor dissemination on MRD-positive pre-pubertal testicular samples by xenotransplantation in rete testis of nude or severe combined immunodeficiency (SCID) mice.
In conclusion, the present study provides evidence that among the established NB markers for MRD analysis of blood and bone marrow using RT-qPCR, PHOX2B mRNA may provide an accurate assessment of MRD in testicular tissues for males that require fertility preservation. These preliminary results require confirmation by a further study of testicular tissues from a large cohort of pre-pubertal males with NB and additional studies are warranted to evaluate the safety threshold by xenotransplantation in nude or SCID mice.
